The neutrino helicity-flip process under the conditions of the supernova core is reinvestigated. Instead of the uniform ball model for the SN core used in previous analyses, realistic models for radial distributions and time evolution of physical parameters in the SN core are considered. A new upper bound on the Dirac neutrino magnetic moment is obtained from the limit on the supernova core luminosity for ν R emission.
Introduction
Nonvanishing neutrino magnetic moment leads to the helicity-flip process where the left-handed neutrinos produced in the stellar interior could convert into the righthanded neutrinos being sterile with respect to the weak interaction, and this can be important e.g. for the stellar energy-loss.
A considerable interest to the neutrino magnetic moment arised after the great event of the SN 1987A, in connection with the modelling of a supernova explosion, where a gigantic neutrino outflow defines in fact the process energetics. It means that such a microscopic neutrino characteristic, as the neutrino magnetic moment, would have a crucial influence on macroscopic properties of these astrophysical events. Too large outflow of right-handed neutrinos, produced due to the magnetic moment interaction, from the core would leave no enough energy to explain the observed neutrino luminosity of the supernova. Thus, the upper bound on the neutrino magnetic moment can be established.
The neutrino helicity flip ν L → ν R under physical conditions corresponding to the central region of a supernova has been studied in a number of works (see, e.g., Refs. 1-3; a more extended reference list is given in Ref. 4) . The process is possible due to the interaction of the Dirac-neutrino magnetic moment with a virtual plasmon, which can be both generated and absorbed:
In Ref. 1, the neutrino helicity flip was described in terms of scattering by plasma electrons and protons (ν L e − → ν R e − and ν L p → ν R p, respectively) in a supernova core immediately after the collapse. However, the important polarization effects of the plasma on the photon propagator were not considered in that work. Instead, the photon dispersion was taken into account phenomenologically by introducing the so-called thermal mass of a photon into the propagator. The above-mentioned effects were considered more consistently in Refs. 2, 3, where the effect of a highdensity astrophysical plasma on the photon propagator was taken into account using the thermal field-theory formalism. However, an analysis of works 2,3 showed that they concerned only the electron component of the plasma, namely, only the channel ν L e − → ν R e − , and only the electron contribution to the photon propagator, whereas the proton component of the plasma was not considered at all. This seemed to be even stranger because the plasma-electron and proton contributions to the neutrino spin flip were estimated earlier 1 to be of the same order.
A detailed analysis of the processes (1), with neutrino-helicity conversion due to the interaction with both plasma electrons and protons via a virtual plasmon and with taking account of polarization effects of the plasma on the photon propagator was performed in Ref. 4 . In particular, according to the numerical analysis, the contribution of the proton component of the plasma was not only significant, but even dominant.
However, all those analyses 1-4 were based on a very simplified model of the supernova core as the uniform ball with some averaged values of physical parameters. Moreover, the parameter values look, in modern views, rather too high than typical. It should be mentioned also that the improvement of the bound of Refs. 2, 3 with respect to the bound of Ref. 1 was based in part on the enlargement by the factor of 2 of the supernova core volume, while the core density was taken to be the same, ρ c ≃ 8 × 10 14 g cm −3 . This means that the core mass appeared to be in Refs. 2, 3 of the order of 3 M ⊙ , which is nearly twice as large as the mass of the supernova remnant believed to be typical.
The aim of this paper is to make the estimation of the Dirac neutrino magnetic moment from the limit on the supernova core luminosity for ν R emission by a more consistent way, taking some radial distributions and time evolution of physical parameters from some realistic models of the supernova core.
For completeness, we consider here a general case of the magnetic moment matrix µ νiνj ≡ µ ij (i.e. both diagonal and transition magnetic moments), where ν i , ν j are the neutrino mass eigenstates. The neutrino states ν ℓ with definite flavors ℓ created in weak processes are the superpositions of the neutrino mass eigenstates:
where U ℓi is the unitary leptonic mixing matrix by Pontecorvo-Maki-NakagawaSakata. It means that the value of the magnetic moment squared in all equations of Ref. 4 should be considered as an effective value. For the processes with the initial electron neutrino one should replace
and similarly for the muon and tau initial neutrinos. The paper is organized as follows. In Sec. 2 we give a clear illustration of the fact that neutrino scattering by protons dominates over their scattering by plasma electrons, basing on an analysis of a simplified case of the completely degenerate plasma, T = 0. Sec. 3 contains a summary of the procedure 4 of obtaining the upper bound on the electron-neutrino magnetic moment from the SN 1987A data, in the frame of the uniform ball model for the supernova core. In Sec. 4 we make the estimation by a more reliable way, with taking account of radial distributions and time evolution of physical parameters, from realistic models of the SN core. The upper bounds are obtained on the combination of the effective magnetic moments of the electron, muon and tau neutrinos from the condition of not-spoiling the subsequent Kelvin-Helmholtz stage of the supernova explosion by emission of righthanded neutrinos during a few seconds after the collapse.
Illustration: completely degenerate plasma at T = 0
The comparison of the typical parameters of the supernova core, where the temperature is believed to be of order T ≃ 15-30 MeV, while the electron and neutrino chemical potentials are η e ≃ 200-250 MeV and η νe ≃ 100 MeV, respectively, shows that the temperature is the smallest physical parameter.
a Thus, the limiting case of the completely degenerate plasma, T = 0, seems to give a reasonable estimate. It is remarkable that for the zero temperature limit the contributions from neutrino scattering by protons and electrons to the neutrino creation probability can be evaluated analytically using Eqs. (20) and (21) It is appropriate to analyse the function Γ νR (E) defining the energy spectrum of right-handed neutrinos. In other words, this function specifies the number of righthanded neutrinos emitted per 1 MeV of the neutrino energy spectrum per unit time from unit volume of the central region of a supernova:
a Hereafter we consider neutrinos as a quasiequilibrium gas described by the distribution functions fν (T, ην e ) for the electron neutrinos and fν (T, 0) for the muon and tau neutrinos. This is believed to be a rather good approximation inside the SN core during a few seconds after the collapse.
The contribution of ultrarelativistic electrons to the function Γ νR (E) in the case T = 0 can be obtained from the above-mentioned formulas of Ref. 4 in the simple form:
where E is the right-handed neutrino energy, µ νe is the effective electron neutrino magnetic moment (3), m
e /π is the squared mass of a transverse plasmon at T = 0, and θ(x) is the step function.
The analytical expression describing the proton contribution turns out to be more complicated since it depends additionally on the proton mass. The plasma charge neutrality condition for T = 0 takes the form n p = n e − and ensures that the electron and proton Fermi momenta are the same: k
F . Then, the proton chemical potential coinciding with the Fermi energy is
and the proton contribution is expressed in terms of the proton Fermi velocity
As a result, the proton contribution can be expressed in the form:
Here, the function ϕ p (y) has the different forms in two intervals: it is
for 0 y (1 − v F )/(1 + v F ), and
Note that the formal turn to the limit
, where the function ϕ e (y) can be introduced in Eq. (5) in complete analogy with Eq. (6). Thus, as expected, Eq. (5) for the electron contribution is reproduced. Figure 1 shows the plots of the function ϕ p (y) for v F = 1, v F = 0.394, and v F = 0. The value v F = 0.394 corresponds to the effective proton mass m p ≃ 700 MeV in a plasma with a nuclear density 3 × 10 14 g cm −3 (see Ref. 5, p. 152). The value v F = 0 corresponds to the formal limit m p → ∞ for which this function is also significantly simplified:
The function Γ νR (E) defined in Eq. (4) determines as well the right-handed neutrino emissivity of a supernova core, i.e. the energy passed away by right-handed neutrinos per 1 MeV of the neutrino energy spectrum per unit time from unit volume: 
According to Eqs. (4) and (9), the right-handed neutrino emissivity is given by the formula
The difference between the electron and proton contributions to the quantity given by Eq. (10) is illustrated in Fig. 2 . It is clearly seen that the factor y 3 causes the increasing of the proton contribution to the emissivity.
Uniform ball model for the SN core
The spectral density of the supernova core luminosity via right-handed neutrinos is defined by the function Γ νR (E) as follows:
Here, V is the volume of the neutrino-emitting region, m γ is the mass of a transverse plasmon, The function ϕ (num) (y, T ) introduced in Eq. (11) similarly to Eqs. (6) and (10) can be extracted from Ref. 4 . The function y 3 ϕ (num) (y, T ) is plotted in Fig. 3 for two values of the averaged temperature and for the electron and electron-neutrino chemical potentials η e ≃ 300 MeV and η νe ≃ 160 MeV. We neglected in our analysis 4 the contributions of the processes with the initial muon and tau neutrinos. However, as will be shown below, these contributions appear to be essential.
A comparison of Figs. 2 and 3 shows that taking of a nonzero temperature leads to a shift of the maximum of the energy distribution of the luminosity towards higher energies of right-handed neutrinos. This additionally enhances the proton contribution.
As a result, using the data on supernova SN 1987A, a new astrophysical limit was imposed 4 on the electron-neutrino magnetic moment:
This is a factor of two better than the previous constraint. 2,3 We have to remind, however, that both the previous and this improved bound on the electron-neutrino magnetic moment were based on a very simplified model of the supernova core as the uniform ball with some averaged values of physical parameters. In addition, the parameter values were set too high. For example, the upper limit 1.5 × 10 −12 µ B in Eq. (13) corresponds to the SN core temperature 30 MeV, while the limit 0.7 × 10 −12 µ B corresponds to the temperature 60 MeV. As is seen from Fig. 3 , the right-handed neutrino emissivity grows with temperature very rapidly. However, according to recent simulations of the SN explosion, the temperature values inside the SN core are believed not to exceed 40 MeV, see e.g. Fig. 4 . Anyway, taking account of the radial distribution of physical parameters inside the SN core would give more solid results.
Models of the supernova core with radial distributions of physical parameters
In this section we make the estimation of the upper bound on the Dirac neutrino magnetic moment by a more reliable way, with taking account of radial distributions and time dependences of physical parameters from realistic models of the SN core.
Here we consider the models in the inverse chronology.
The recent model of the O-Ne-Mg core collapse SN
The very recent model was developed by H.-Th. Janka with collaborators who presented us the results of their simulations 6 of the O-Ne-Mg core collapse supernovae which were a continuation of model simulations of Refs. 7, 8. The successful explosion results for this case have recently been independently confirmed by the Arizona/Princeton SN modelling group, 9,10 which found very similar results. So we were provided with a model whose explosion behavior was comparatively well understood and generally accepted. We redefine Eq. (11), where, instead of multiplying by the volume of the neutrino-emitting region V , we integrate over this volume to obtain the spectral density of the energy luminosity of a supernova core via right-handed neutrinos:
Here, taking the values defined in Eqs. (20) and (21) R and time t. A comprehensive set of parameter distributions used in our estimation includes the profiles 6 of the density ρ, the temperature T , the electron fraction Y e , the fractions of electron neutrinos Y νe , electron anti-neutrinos Yν e , and the fractions Y νx for one kind of heavy-lepton neutrino or antineutrino (ν x = ν µ,τ ,ν µ,τ ), which are treated identically. The time evolution of the parameter distributions is calculated 6 within the interval until ∼ 2 sec after the bounce. For the sake of illustration, we present in Figs. 4-6 the radial distributions within the SN core, from 0 to 20 km, at the moment t = 1.0 sec after the bounce for the temperature, 6 for the chemical potentials of electrons η e and electron neutrinos η νe (calculated on the base of the data of Ref. To analyse the influence of the right-handed neutrino emission on the SN energy loss, we also used the time evolution of the total luminosity of all species of lefthanded neutrinos, 6 presented in Fig. 7 .
Integrating Eq. (14) over the neutrino energy, one obtains the time evolution of the right-handed neutrino luminosity:
This is a novel cooling agent which would have to compete with the energy-loss via active neutrino species in order to affect the total cooling time scale significantly. Therefore, the observed SN 1987A signal duration indicates that a novel energy-loss via right-handed neutrinos is bounded by
Within the considered time interval until 2 sec after the bounce, one obtains from Eqs. (15), (16) 
In a general case the combined limit on the effective magnetic moments of the 
where the effective magnetic moments are defined according to Eq. (3). This limit is less stringent than the bound (13) obtained in the frame of the uniform ball model for the SN core, but it is surely more reliable. Additionally, the upper bound on the effective magnetic moments of muon and tau neutrinos is established.
Earlier models of the SN explosion
The similar procedure of evaluation was performed with using of the data of the model 11 by R. 
to be compared with the limit (17). Using the results of Ref. 12 by J.A. Pons et al. (1999) where the thermal and chemical evolution during the Kelvin-Helmholtz phase of the birth of a neutron star was studied, taking the data from Figs. 9 and 14, we have obtained the time-averaged upper bound onμ ν for the time interval 1-10 sec of the post-bounce evolution in the form:μ
We also used the results of Ref. 13 by W. Keil and H.-Th. Janka (1995) where the numerical simulations were performed of the neutrino-driven deleptonization and cooling of newly formed, hot, lepton-rich neutron star. Using the data presented in Figs. 3-9 on the SBH model (of the hot star with a "small" barionic mass), we have evaluated the time-averaged upper bound onμ ν for the time interval 0.5-5 sec after the bounce in the form:μ
One can summarize that the upper bound on the flavor-and time-averaged neutrino magnetic moment at the Kelvin-Helmholtz phase of the supernova explosion occurs to beμ
depending on the explosion model. 
Conclusions
The right-handed neutrino luminosity caused by the neutrino helicity-flip process under the conditions of the supernova core, where the produced left-handed neutrinos could convert due to the neutrino magnetic moment interaction into the right-handed neutrinos, being sterile with respect to the weak interaction, is reinvestigated. Instead of the uniform ball model for the SN core used in previous analyses, realistic models for radial distributions and time evolution of physical parameters in the SN core are considered. The upper bounds on the flavor-and time-averaged magnetic moment of the Dirac type neutrino are obtained in those models, from the condition of not-affecting the total cooling time scale significantly:
depending on the explosion model. In the recent paper, 14 the sterile right-handed neutrino luminosity was calculated with taking account of radial distributions of the supernova core parameters, using the one-dimensional astrophysical code "Boom". 15 The supernova matter state parameters were calculated as the functions of coordinate and time during 250 ms after the bounce. We should give a comment on Table 2 
